The dosimetry of exposure to radiofrequency (RF) electromagnetic (EM) fields of mobile phones is generally based on the specific absorption rate (SAR, W kg −1 ), which is the electromagnetic energy absorbed in the tissues per unit mass and time. In this study, numerical methods and modelling were used to estimate the effect of a passive, metallic (conducting) superficial implant on a mobile phone EM field and especially its absorption in tissues in the near field. Two basic implant models were studied: metallic pins and rings in the surface layers of the human body near the mobile phone. The aim was to find out 'the worst case scenario' with respect to energy absorption by varying different parameters such as implant location, orientation, size and adjacent tissues. Modelling and electromagnetic field calculations were carried out using commercial SEMCAD software based on the FDTD (finite difference time domain) method. The mobile phone was a 900 MHz or 1800 MHz generic phone with a quarter wave monopole antenna. A cylindrical tissue phantom models different curved sections of the human body such as limbs or a head. All the parameters studied (implant size, orientation, location, adjacent tissues and signal frequency) had a major effect on the SAR distribution and in certain cases high local EM fields arose near the implant. The SAR values increased most when the implant was on the skin and had a resonance length or diameter, i.e. about a third of the wavelength in tissues. The local peak SAR values increased even by a factor of 400-700 due to a pin or a ring. These highest values were reached in a limited volume close to the implant surface in almost all the studied cases. In contrast, without the implant the highest SAR values were generally reached on the skin surface. Mass averaged SAR 1 g and SAR 10 g values increased due to the implant even by a factor of 3 and 2, respectively. However, at typical power levels of mobile phones the enhancement is unlikely to be problematic. Typical small metallic implants used in orthopaedics and dentistry.
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Introduction
As radiofrequency (RF) mobile phones have become a part of daily life, possible risks related to exposure to RF electromagnetic (EM) fields of mobile phones have been studied from several aspects, from cell level to macroscopic effects such as local heating , Riu and Foster 1999 , Repacholi 2001 , Vanderstraeten and van der Vorst 2004 . Most of the experimental research and numerical calculations have focused on estimating specific absorption rate (SAR, W kg −1 ) and local heating. However, only a few studies focusing on the possible interaction of mobile phones with passive implants exist (Hocking et al 1991 , Cooper and Hombach 1996 , although metallic implants such as those shown in figure 1 are rather common. Pins, rods, wires, plates, screws, clips and implants of special designs are widely used, for example, in orthopaedics and dentistry. Nowadays, the dosimetry and the regulation of exposure are mainly based on the SAR values. The maximum values for average SAR, averaged over tissue masses of 1 or 10 g, are regulated by IEEE and ICNIRP standards (IEEE 1999 , ICNIRP 1998a and 1998b . According to ICNIRP SAR should be averaged over 10 g and the maximum allowable value for the general public is 2 W kg −1 for the exposure of head and body excluding limbs. IEEE recommendation is to use 1 g average SAR for estimating the local exposure and the corresponding maximum allowable value for the general public is 1.6 W kg −1 . Certain metallic implants may be located on the skin or in the surface layers of the body close to a mobile phone. They may act as an antenna and cause strong local enhancement of the EM field near the implant, leading also to stronger energy absorption, i.e. increase of specific absorption rate (SAR, W kg −1 ). Especially, implants with resonance dimensions and in appropriate orientation can be expected to cause the highest enhancement of the field.
This study examines numerically two basic implant models: pins and rings in surface layers of the human body in the near field of a 900 or 1800 MHz mobile phone. The aim was to find out 'the worst case scenario' with respect to energy absorption (SAR) by varying different parameters such as implant location, orientation, size and adjacent tissues systematically in accordance with the IEEE recommendations (IEEE 2002) . This study provides the basis for Experimental arrangement for calculations. The λ/4 monopole antenna of a generic mobile phone is located 10 mm above the surface of a tissue phantom. The tissue phantom is a cylinder with a diameter of 150 mm and has a 4 mm thick skin surface layer and a base normally consisting of muscle or bone. The vertical axis (z) is along the antenna and the cylinder axis, the x-axis is in the depth direction and the y-axis is perpendicular to x and z. Implants are located in different orientations on, inside or under skin. similar calculations with more authentic implants in a realistic numerical human phantom or for experimental measurements.
Materials and methods
The modelling and the calculations of electromagnetic fields were carried out using commercial SEMCAD software (Schmid & Partner Engineering AG, Switzerland) based on the FDTD (finite difference time domain) method. The software was run on a PC computer with a Windows NT 4.0 operating system. The simulations were run for 10 periods and eightfold perfectly matched layers (PML) were used to truncate the calculation domain. In the grid, the voxels in the region of interest (i.e., near to the implant) were substantially smaller than elsewhere. The smallest voxel was 0.2 × 0.2 × 0.2 mm 3 for a pin and 0.2 × 0.2 × 0.5 mm 3 for a ring implant while the maximum step in the grid was 7 mm at 900 MHz and a half of this at 1800 MHz. Matlab 6.5 software (The Mathworks Inc., Natick, MA, USA) was utilized in the analysis of results and in plotting. Figure 2 illustrates the set-up for calculations. The mobile phone was a 900 MHz or 1800 MHz generic phone with a conductive case (140 mm × 40 mm × 16 mm) and a quarterwave monopole antenna. The wavelength of 900 MHz (1800 MHz) EM field in the air, λ, is about 33 cm (16 cm) and in the muscle, λ t , is about 4.4 cm (2.3 cm). The antenna was oriented along the axis of a cylindrical tissue phantom. The feed point of the antenna was at 10 mm from the skin surface and it was used as an origin. The cylindrical tissue phantom (diameter 150 mm) modelled different curved sections of a human body such as limbs or a head. It had a 4 mm thick skin layer on top of homogeneous tissue, which was generally muscle but in some calculations bone or fat. In this study, skin was modelled as a single layer, although the skin thickness in the human body varies in the range of 1-4 mm and a layer of fat Table 1 . Electrical parameters of different tissues (relative permittivity ε r and conductivity σ ) at frequencies of 900 MHz and 1800 MHz (Gabriel 1996) . Penetration depth δ is calculated using the formula 1/δ = 2πf (µε r ε 0 /2) 1/2 ((1 + (σ/(2πf ε r ε 0 )) 2 ) 1/2 − 1) 1/2 , where µ is roughly 4π × 10 −7 H m −1 and f is the frequency of the mobile phone.
Frequency ( and loose connective tissue (subcutis) of varying thickness is under skin. The parameters used for different tissues are given in table 1. At penetration depth, the field strength is attenuated by a factor of 1/e, i.e. to 37% of the original value and SAR is decreased by a factor of 1/e 2 , i.e. to 14%. The implants were metallic pins and rings with thickness in the range of 0.5-8 mm and length or diameter in the range of 7-50 mm. They were modelled as perfect electric conductors (PEC), i.e. the electric field inside the implants was zero.
The generic phone is connected to the antenna through the feed point and works as a voltage source with an internal impedance of 50 . In the simulations, the real impedance depends on several factors such as surrounding materials. Therefore, all the results were normalized to a peak input current of 100 mA. For an antenna with 50 impedance this would theoretically correspond to an emitted power of 0.25 W.
Results
In order to study the effects of metallic implants, the SAR distributions with and without implants were compared. Furthermore, the maximum local peak values SAR peak and the values averaged over a mass of 1 (SAR 1 g ) or 10 g (SAR 10 g ) were determined. All the parameters varied such as implant location, size, orientation, adjacent tissues and signal frequency had a considerable effect on the SAR distribution. In the following, the main results related to each of these parameters will be demonstrated using figures and tables.
Orientation of the implant
The orientation of an implant has a major effect on its interaction with the EM field in the tissues. A slice of SAR distribution for three perpendicular orientations of the implant are shown for a 14 mm long pin implant in figure 3(a) and for a 30 mm ring in figure 3(b). The corresponding SAR values are in tables 2(a) and (b). The slice was selected from the zx-plane closest to y = 0, i.e. the slice dividing the implant into two equal halves. The surface of the 4 mm thick skin is at x = 1 cm and the depth in the phantom increases towards the right. The absorption is evidently highest when the longest dimension of the implant and the antenna are parallel.
Location of the implant
The longest dimension of the implant was selected to be parallel to the antenna and the position of an implant was varied. The effect of a vertical pin position on the SAR distribution for the 14 mm pin (φ = 2 mm) on the skin was just minor as long as the pin was within a few centimetres from the feed point of the antenna. SAR are listed in table 3(a). Although the enhancement is highest in the middle position closest to the antenna, the field is deformed towards the pin ends in all cases. Figure 4 shows the SAR distributions for the 30 mm ring (φ = 2 mm) placed in different depths in the tissue phantom and table 3(b) lists the corresponding values too. Note that although the highest local SAR is reached with a ring on the skin surface, the averaged SAR is highest when the ring is in the muscle. Similar results were obtained for the pin too. Furthermore, the energy absorption is highest in tissues adjacent to the implant, not always on the skin surface as in the similar case without an implant.
Size of the implant
The effect of the size of a pin or a ring is illustrated in figures 5(a) and (b) and tables 4(a) and (b). In the case of the pins, the absorption is highest with the 14 mm long pin, the length of which is about a third of the wavelength λ t , i.e. a resonance length (Fleming et al 1999 , McIntosh et al 2005 . In the case of the rings, a major change in the SAR distribution can be seen as the diameter of the ring increases. Although the local SAR is highest for the smallest ring, SAR 1 g is clearly highest for the ring of 30 mm in diameter. Furthermore, the thickness of the pin or the ring has an effect on the density of EM field lines near the implant and especially on the SAR max peak values. This is shown for a 14 mm pin of three thicknesses in figure 6 and table 5.
Surrounding tissues
The effect of tissue type was studied for a pin implant under the skin by varying the surrounding tissue beneath the skin (muscle to bone or fat). The results are given in figure 7 and table 6. The major difference in electrical parameters of the tissues is reflected in SAR distributions which can be seen also in the case without an implant in figure 7(b). Table 7 compares the SAR values of the distributions for the frequencies 900 and 1800 MHz with a pin implant placed at different depths in the tissues. At both frequencies, the absorption was highest with the implant on the skin. However, the field penetrates less at 1800 MHz than at 900 MHz. This is also the case when an implant is not present since the energy absorption in tissues is more efficient at high frequencies.
Frequency of the phone
As resonance effects may occur in different cavities, e.g. in an implant with an open gap, rings with different sizes of gaps were simulated on the skin or in the skin. The results of the simulations showed that in the worst cases of these open rings, the highest SAR values were about the same as in other worst cases.
The dosimetry and safety limits for RF exposure are based on the average SAR values for 1 or 10 g of tissues (IEEE 1999 , ICNIRP 1998a and 1998b . Figure 8 compares the calculated SAR, SAR 1 g and SAR 10 g distributions for a pin implant. Evidently due to averaging the local high SAR values are smoothed. Furthermore, the averaging procedure affects the location where the highest SAR values occur.
Of the studied cases, the highest increase in SAR values was obtained for the implants on the skin. The local peak SAR values increased even by a factor of 400-700 for a pin and a ring. These high values were reached in a limited volume close to an implant surface. On the other hand, the SAR 1 g and SAR 10 g values were increased due to an implant even by a factor of 3 and 2, respectively. The cases corresponding to the highest SAR values are summarized and compared to the cases without an implant in table 8.
In order to check reproducibility of calculations, some of them were repeated using slightly different choices for parameters in the SEMCAD program. The relevant values of SAR were the same within 5%, which agrees well with an average agreement of around 5-6% for comparison of calculations and experimental measurements with a head phantom at 900 and 1800 MHz provided by the manufacturer of the program. In practice, for example, the variation of electrical parameters in tissues (Gabriel et al 1996) can be expected to cause differences in SAR estimates typically within 10%. 
Discussion and conclusions
In the present study, all the relevant parameters (location, orientation, size, surrounding tissues and frequency) were systematically varied for two model implants (pins and rings) to find out the worst case, i.e. the highest SAR enhancement due to a passive metallic implant. One novelty of this study was to show systematically the effects of different parameters. Based on the simulations of this study, the local absorption of EM field in a limited volume may be significantly (even by a factor of 700) enhanced by a conductive implant in the surface layer of a human body. The mobile phone and the metallic implant are strongly coupled, especially when the implant is close to a mobile phone, its length is in resonance with the field, and it is aligned with the antenna. This coupling can be either conductive, magnetic or both (Troulis et al 2003) . When this coupling is strong, i.e. the mutual inductance of the phone and the implant is high, significant surface currents are induced on the implant surface, and they produce a secondary EM field which is absorbed by the tissues (Hocking et al 1991) . Although in the present study the enhancement in local SAR values due to an implant was quite high (<400-700), the possible increase in averaged absorption and thus heating was much smaller, i.e. maximum enhancement was by a factor of 2-3 for SAR 10 g and SAR 1 g values. Generally, the results agree well with the simulations of other studies , Cooper and Hombach 1996 , Hocking et al 1991 , McIntosh et al 2005 .
In this study, the resonance effect in absorption was strongest with the 14 mm long pin in parallel with the antenna. This is very close to one-third of the wavelength λ t /3 in muscle (44 mm at 900 MHz). Similar results were observed for the rings, i.e. absorption was highest when the diameter of the ring was 1/3-1/2 of the wavelength. These results agree well with the resonance lengths of λ t /3-λ t /2 obtained in other similar studies too (Cooper and Hombach 1996 , Joyner et al 1998 , Fleming et al 1999 .
High local SAR values are not always obtained for the same implants, surrounding tissues and positions as high average SAR values. Compared to these small implants, the averaging volume is quite large, e.g. 10 g of muscle tissues corresponds to a cube of about 2 cm × 2 cm × 2 cm. In our simulations, the voxel size is smallest (0.2 mm × 0.2 mm × 0.2 mm) close to the implant and corresponds to a mass of about 0.01 g. Although the highest values for SAR distribution were obtained for an implant on the skin, the maximum SAR 1 g and SAR 10 g values were obtained when the implant was under the skin. This is due to the fact that on the skin, the averaging volume can not be obtained close to the implant, while deeper in the tissues the implant is completely surrounded by tissues. Without an implant the highest absorption often occurs on the skin and the absorption decreases as the distance from the antenna increases and the field attenuates. When an implant is in appropriate position and alignment, the incoming EM field and reradiated field by the implant interfere constructively leading to high-energy absorption deeper in tissues adjacent to the implant.
The absorption naturally depends on the type of tissue too. As the electrical parameters of skin and muscle are quite close, there is just a minor change in the distribution at the skin-muscle interface. At the skin-bone and skin-fat interface the electromagnetic wave is partially reflected. In general, the highest SAR values were obtained either in skin or muscle, which is evidently due to the fact that they have significantly higher conductivity than bone or fat. Furthermore, skin is close to the source where the incoming fields are generally strongest.
In addition to the effective coupling, high local fields in the tissues can be caused by the geometry of an implant. For example, in the case of implants which are thin or have sharp edges, the EM field lines are focused on an edge or an end, leading to a high local flux. In lossy tissues, this leads to significant increase in the absorption in comparison to the same case without an implant. In this study, the local SAR values increased by a factor of about 4 as the thickness of the pin decreased from 2 mm to 0.5 mm, which agrees well with the increase of flux due to geometry. It can be expected that the local SAR increases even further as the pin gets thinner, although very thin structures are difficult to simulate with these programs due to limitations in the size of voxels. However, the average SAR values may even decrease as in the case of the pins in this study. The thinner structures do not block the incident EM wave and allow easier penetration of the field deeper in the tissues than larger implants.
In this study, the highest SAR 1 g values were observed when the implant was under the skin or in the muscle. One of the reasons for this is the fact (also shown in figure 1) that for a resonant implant the interference between incident and reradiated fields is effective close to the implant and tissues are fully surrounding the implant. However, in real clinical cases these resonance effects are rare, because the worst cases occur for the implants with an appropriate size and orientation and close to a mobile phone. Furthermore, with the current mobile phones the power is typically much less than the maximum allowed and in some models the user is more effectively protected by EM shielding of the phone than in the simple generic phone of this study. Thermal input, e.g. in the cases of table 8, would indicate a dramatic and physiologically significant temperature rise if it were not for the small volume, when conduction and convection distribute the heat effectively in surrounding tissues. Furthermore, guidelines involve time averaging, e.g. over a period of 6 min, too. So the presence of passive metallic implants should seldom be a risk for a mobile phone user. However, tissue heating near metallic medical implants may be a potential risk with high power RF equipment such as those used in pulsed radio frequency diathermy (Ruggera et al 2003) .
In the future, experimental validation of theoretical predictions based on these simulations and on a finite element solution of the heat equation for the worst cases will be carried out by measuring the RF-induced temperature rise in a tissue phantom. Thermal measurements using fibre optic thermometry or a high-resolution IR camera with proper precautions (IEEE 2002) can provide relevant data of temperature increase and SAR even in small volumes close to metallic implants where the conventional SAR probes would be too large.
